The effect of a nanosecond laser irradiation of thin (60 and 145 nm) amorphous, diamond-like carbon films deposited on Si substrate by an ion beam deposition (IBD) from pure acetylene and acetylene/hydrogen (1:2) gas mixture was analyzed in this work. The films were irradiated with the infrared (IR) and ultraviolet (UV) radiation of the nanosecond Nd:YAG lasers working at the first (1.16 eV) and the third (3.48 eV) harmonics, using a multi-shot regime. The IR laser irradiation stimulated a minor increase in the fraction of sp 2 bonds, causing a slight decrease in the hardness of the films and initiated SiC formation. Irradiation with the UV laser caused the formation of carbides and increased hydrogenization of the Si substrate and the fraction of sp 2 sites. Spalliation and ablation were observed at a higher energy density and with a large number of laser pulses per spot.
Introduction
Amorphous carbon films are prospective materials for many applications because of their unique physical and chemical properties [1] [2] [3] . The pulsed laser's irradiation could achieve extremely high heating rates in the irra-diated spot of the processed material. Rapid deposition of the laser energy induces phase changes in the amorphous carbon films. Physical phenomena (graphitization, spallation, and evaporation) taking place during the lasermatter interaction are characterized by different threshold intensities [4] , which strongly depend on the pulse duration [5] [6] [7] , the quantum energy, the number of pulses, and the properties of a-C:H films [8] [9] [10] [11] . Cappelli et al. [9] demonstrated that the treatment of the amorphous carbon films leads to the sp 3 → sp 2 transformation, aromating clustering, and formation of graphite nano-structures.
Surface-state density modification due to Fermi-level unpinning is reported in the literature when semiconductor nanocrystals are created [12] . The influence of photon energy on the phase transitions of films has not been clearly investigated [9, 13] . The structure of the carbon film, its thickness, and a substrate where carbon film is formed determines different processes (evaporation, graphitization, and swelling) during laser irradiation. These processes can be easily controlled by a selection of the proper laser irradiation parameters (pulse duration, number of pulses, energy, and so on) [9-11, 13, 14] . The films will be fully removed from the substrate when the energy densities of the laser or the number of pulses are too large. Meanwhile, when the energy density is insufficient, changes cannot occur in the carbon films. Therefore it is very important to determine the influence of the energy densities and pulse numbers on the structural changes of carbon films. The aim of this work was to investigate the effect of nanosecond laser irradiation on the structural changes of thin, diamond-like carbon films.
Experimental setup
Amorphous hydrogenated carbon films (a-C:H) were formed on Si (100) wafers by a direct-ion beam deposition (IBD) method from pure acetylene and acetylenehydrogen gas mixtures. The detailed conditions of formation are presented in the previous works [11, 14] . The a-C:H films were irradiated with a nanosecond Nd:YAG laser (Ekspla NL301G), working at the first harmonics (λ 1 = 1064 nm, pulse duration of 6 ns, and pulse repetition rate of 12.5 Hz). The nanosecond Nd:YVO 4 laser (Ekspla NL15100TH) worked at the third harmonics (λ 3 = 355 nm, 10 ns, and 20 kHz). The diameter of the laser beam spot was 6 mm. The intensity of the laser pulse was varied in the range of 35 − 70 MW/cm 2 for λ 1 and in the range of 1 − 8 MW/cm 2 for λ 3 ( Table 1 ). The main goal was to investigate irradiation by the two different wavelengths, because λ 1 has quantum energy lower than the E (band gap) of the DLC films. So in this case the irradiations will affect the substrate by increasing its substrate temperature. The irradiation by λ 3 will determine local modifications directly to the film.
The optical properties of the irradiated a-C:H films were studied by Raman scattering (RS) in the spectral range 400−2000 cm −1 (Ivon Jobin spectrometer). RS was investigated using a Spectra-Physics Nd:YAG laser (532.3 nm, 50 mW, and spot size 0.32 mm) as an excitation source. The RS spectra were fitted by two Gaussian-shape lines in the spectral range of 1000 − 1800 cm −1 . The infrared (IR) absorption and reflection spectra were measured in the range of 400 − 4000 cm −1 and 670 − 4000 cm −1 , respectively, using a Spectrum GX (Perkin Elmer) spectrometer. The thickness, as well as the refractive and extinction indexes of the surface layers, were determined using a null-ellipsometer (Gaertner L117) operating with a He-Ne laser (632.8 nm). The microhardness and Young's modulus were measured by the Vickers method (MTS G200 nanoindenter with a Berkovich diamond tip), using the basic and continuous stiffness measurement (CSM) techniques. The surface morphology was analyzed by an optical microscope (Olympus BX51) and scanning electron microscope (SEM) JSM6490LV (JEOL). 
Results and discussion
The films deposited using the pure acetylene (B4) and from the acetylene/hydrogen (1:2) mixture (B3) were selected as basic samples. The Rutherford backscattering spectroscopy (RBS) and elastic recoil detection measurements indicated that the B4 film consists of carbon (73 at.%) and hydrogen (27 at.%). The introduction of additional hydrogen into the acetylene plasma increases the hydrogen concentration in the film (B3) up to 35 at.% [14] . These films are attributed to the typical diamond-like carbon (DLC) films, despite the different hydrogen content. The properties of films before and after laser irradiation are shown in Table 1 . The hydrogen addition formed the films with higher hardness, lower thickness, and lower refractive and extinction indexes. The RS results showed that the introduction of the additional hydrogen increased the sp 3 fraction of the C-C bonds in the film [2, 15] .
The IR-laser irradiation at both 35 MW/cm 2 and 70 MW/cm 2 intensities led to an insignificant graphitization of the DLC films. The formation of the SiC started at the interface between the substrate and the films. The presence of the SiC phase was confirmed by the appearance of the peaks at 800 cm −1 and 960 cm −1 in the RS spectra ( Fig. 1 B4-1) . However, despite the graphitization and SiC formation, the films had good adhesion with the substrate. The microhardness and Young's modulus of the laser-irradiated thin films decreased slightly with the increase of the energy density (Table 1) . Irradiation with infrared light did not change the films' structure, and the films still remained as DLC. The ellipsometric calculations were performed with or without the SiC layer depending on the RS results. The irradiations with the first harmonics led to a lower refractive index and thicker DLC and SiC layers (Table 1) . These results indicate that the graphitization process of films was initiated. The SEM and optical microscopy images show very little changes in the surface morphology (Fig. 2a and Fig. 2b ). The irradiation with λ 1 stimulated evaporation of the C, H, and CH x radicals and swelling processes (Fig. 2b) . The transformation of the sp 3 → sp 2 sites was a reason for the swelling. The inclusions of the graphitic phase were of lower density, thus the volume fraction was higher. The weak evaporation cannot compensate the swelling. The increase of the sp 2 fraction indicated a decrease of the C-H sites. Meanwhile, the diffusion of hydrogen into the substrate caused formation of the amorphous Si:H layer (470 − 520 cm −1 ) at the interface DLC/Si (Fig. 1 B4-1 ) [17] . The intensities of the Si:H peaks depended on the irradiation conditions (laser intensity).
It is well known that the optical band gap (E g ) of the DLC films is higher than that of Si. The E g of the non-irradiated DLC films varies in the 1 4 − 1 65 eV range [16] . In case of the IR-irradiation the Si substrate absorbed more photons than the film. The free interstitial Si atoms generated by the laser irradiation were able to diffuse into the films. Such behavior of the Si atoms was previously confirmed by the RBS measurements [11] . Thus, the fraction of the Si-C bonds increased and formation of the SiC inclusions started at the DLC/Si interface. The formation of the Si-C sites increased the sp 3 bond fraction and prevented the graphitization process at the same time.
The DLC films were found to be more sensitive to the UV laser irradiation (355 nm, 3.48 eV). The dispersion of film thickness showed that evaporation and surface swelling took place, and the transformation of sp 3 → sp 2 conditioned. When the intensity of irradiation is low (1 MW/cm 2 and 15 pulses/point), the Si and C diffusion also took place and caused the formation of the highintensity SiC peaks in the Raman spectra at 800 cm −1 and 960 − 1000 cm −1 , respectively. Simultaneous processes, such as spallation (Fig. 2c ) and phase conversion, stimulated transformation of the sp 3 bond to the sp 2 bonds and the DLC films to the graphite-like carbon/glass carbon (Table 1 and Fig. 3 B3-5 ). The RS spectra of DLC films were fitted to determine the D and G peaks position, the full width at half-maxima of the D (∆D) and G (∆G) bands, and the integral intensity ratio between the D and G peaks (I D /I G ) ( Table 2) [18, 19] . The Gaussian fitting results demonstrated that the G peak narrowed (∆G = 121 cm −1 ) and shifted to the higher wave numbers by 53 cm −1 (to 1582 cm −1 ), and the (I D /I G ) ratio increased from 0.38 to 1.38 ( Table 2 ). The films can be called a mixture of DLC/GLC with the glassy carbon phase inserts [2, 19] .
The irradiation by the third harmonics stimulated the bond transformation, spallation, and ablation processes when the intensity was 4 − 8 MW/cm 2 . These processes were sensitive not only to the irradiation intensity, but also to the number of pulses per spot (Fig. 3) . Analysis of Raman spectra in the range of 400 − 2000 cm −1 showed the presence of peaks of crystalline silicon, hydrogenised nanocrystalline silicon, SiC, and SiOH (Fig. 1) . The formation of SiOH (606 cm −1 ) was related to morphological changes in the film. The spallation and ablation pro- cesses exposed the silicon substrate and the unbound Si bonds were passivated by oxygen and/or hydrogen. On the other hand, it confirms that the spallation and ablation processes were localized, and adhesion of the film was non-uniform.
Under irradiation conditions (4 MW/cm 2 , 8 pulses per spot) the 3.48 eV energy photons stimulated formation of glassy carbon [16] (Fig. 1 B3-3) . The increase of laser intensity (8 MW/cm 2 and eight pulses per spot) caused the complete ablation of the film. The residues of the DLC films and SiC were chaotically distributed over the surface after eight laser shots with 8 MW/cm 2 intensity. Only a weak band associated with hydrogenated silicon was observed in the RS spectra of the ablated surface ( Fig. 1 B3-4) . Also the narrow crystalline silicon peak at 521 cm −1 in the RS spectra was observed. Meanwhile the strong SiH peak in the RS spectra was observed when the intensity of the laser irradiation was 50% lower (Fig. 1 B3-3 ). This confirms that the UV laser irradiation with the third harmonics caused local heating of the Si substrate, which facilitated the diffusion of hydrogen and carbon into the Si lattice. The irradiation by the first harmonic decreases the hardness value ∼ 20%; however, the Young's modulus remains almost unchanged (B4-1 and B4-2). Meanwhile, the increase of the irradiation quantum energy leads to stronger graphitization processes in the DLC films. The RS spectra have separated D and G peaks after UV irradiation (Fig. 3) . As a result the Young's modulus decreases from 230 GPa down to 180 GPa, while the microhardness declines 50%. The FTIR reflectance spectra of the DLC films irradiated by the UV laser (355 nm, 3.48 eV) with the different intensities are shown in Fig. 4 [17] . The result confirms a hypothesis that the hydrogen has diffused into the silicon substrate and/or evaporated from the film during irradiation. The bands at 1538 cm −1 and 1576 cm −1 became more intense in spectra of B3-1 and B3-5 samples (Fig. 4) . These lines are typical for the asymmetrical C=C valence bonds; so it means that the irradiation initiated a typical rising graphitization band [20] . The line at 1428 cm −1 was associated with the vibration of the CH 2 group. The peak at 1107 cm −1 was assigned to the C-O vibration, and/or to the Si-O bonds. Silicon oxidation was possible during the film ablation and amorphization/nanocrystallization of the surface layer. The peaks at ∼ 874 cm −1 and ∼ 810 cm
were related to the C-C bonds, while the band at 731 cm
demonstrates the presence of SiH and SiC/SiCH 3 vibrations.
The peaks at 2920 cm −1 and at 2850 cm −1 were attributed to the sp 3 asymmetric and symmetric stretching modes of CH 2 , respectively [19, 20] . These peaks disappeared after irradiation with a higher intensity (Fig. 4 B3-3 ). The irradiated films demonstrated lower absorption at ∼ 3300 cm −1 . It indicates that the fraction of the C-H and OH bands was reduced. The evaporation of hydrogen from the films during laser irradiation stimulated the graphitization process. The absorption in the 3300 − 3000 cm −1 spectral range diminished after the IR irradiation. However, it did not affect the intensity of the peaks at ∼ 2920 cm −1 and ∼ 2848 cm −1 in the FTIR reflectance and transmittance spectra. Therefore, we supposed that the hydrogen concentration changed marginally, and hydrogen was in form of methylene (CH 2 ). It means that the graphitization of the films was low due to the slow evaporation process of the hydrogen.
Conclusions
The investigations showed that thin DLC films are resistant to IR-laser irradiation (1.16 eV). Irradiation by the first harmonics of a Nd:YAG laser stimulated formation of SiC and a slight hydrogenization of Si at the interface region. The films' graphitization and formation of the SiC clusters took place by increasing the photon energy. The UV irradiation (3.48 eV) with an intensity of 4 MW/cm 2 stimulated the films ablation and intensive modification of the thin DLC film and the Si substrate. The process initiation depended on the number of laser pulses per shot. The substrate hydrogenization and carbonization effects significantly decreased at high laser intensities (8 MW/cm 2 ) and when the number of pulses per spot was higher than eight.
